Purpose-To evaluate the feasibility of a respiratory-gated proton beam therapy for liver tumors.
INTRODUCTION
Ablative therapies for liver tumors offer the potential for long term survivors in select patients with primary and metastatic liver tumors. Radiation therapy for liver tumors has historically been limited by the risk of radiation-induced liver disease (RILD), limiting the use of radiation in the treatment of liver tumors (1) . More recently, the development of advanced radiotherapy techniques, like stereotactic body radiotherapy (SBRT) and particle therapy, has re-opened the interest in liver-directed radiation therapy (2, 3) .
Because of the significant volume effect on the risk of RILD, protons theoretically offer a potential benefit due to the lack of exit dose (4). However, because proton range is so highly dependent on tissue density, treating moving targets can lead to overshooting through normal tissues or underdosing tumor targets. Particularly for liver tumors, where there is an interface of air and soft tissue near the dome of the diaphragm, this risk can be further heightened. Furthermore, because of the greater mechanical complexity of a cyclotron, respiratory gating strategies are more complicated to implement. In a previous study conducted at our institution, a delay of 130 msec was measured in triggering the beam on and off within the gating window (5) .
In this pilot study, we evaluate the feasibility of a respiratory gated proton beam therapy in liver tumors.
MATERIAL AND METHODS
Patients were enrolled on to a prospective institutional review board clinical trial (NCT00465023). Adult patients 18 years or older were required to have biopsy proven unresectable or locally recurrent hepatocellular cancer (HCC), intrahepatic cholangiocarcinoma (ICC), or hepatic metastases. Single or multinodular tumors (up to 3) were permitted, with a maximum size of 6 cm. Patients were required to have no evidence of extrahepatic tumor by CT scan. Karnofsky performance status of 70-100. In patients with underlying cirrhosis, only Child's classification A or B were permitted. No prior liver radiation, including radio-embolization, was permitted. Patients were deemed unresectable after review with transplant surgery and surgical oncology at the institutional multidisciplinary liver conference.
Simulation
Prior to simulation, fiducials were implanted by interventional radiology, typically superiorly, inferiorly, medially, and laterally, anatomy permitting. The fiducials are gold markers (Part #351-1, Best Medical, Springfield VA), measuring 0.0325 inches in diameter, and 0.1195 inches in length. The patients then underwent 4-dimensional simulation with intravenous contrast. Respiratory phase, used for later CT reconstruction of 4D motion, was recorded during the cine scan using the Real-time Position Management system (RPM, Varian Medical Systems, Palo Alto, CA). Targets were contoured on the 50 % (end-exhale) phase of the 4D CT. A clinical target volume (CTV) expansion of 0-cm -1 cm was used at the discretion of the treating physician. The precise CTV varied based on the confidence of the treating physician to identify the borders of the lesion on imaging. For the metastatic patient, no CTV expansion was used. For HCC and cholangiocarcinoma, 0.7 cm was most commonly used. The planning target volume (PTV) margin was customized based on the amount of motion visualized in the gating window (40%-60%).The treatment fields were planned to PTV with the aperture margin of 10-12 mm, in consideration of the beam penumbra for the required beam energy and the static patient setup uncertainty of our beam/ imaging system.The smearing radius was 5 mm plus one half of the residual tumor motion over the gated window based on the 4D CT scan.Mean residual tumor motion within the prescribed 30% gating window, as observed from the 4DCT planning scan, was 5 mm. No abdominal compression or other rigid immobilization was used. No mechanical displacement of mucosal structures from the liver was used.
Dose prescription and normal tissue constraints
The patients were planned to receive between 45 -75 GyE in 15 fractions based on what was achievable given normal tissue constraints ( Figure 1 ). Greater than 90% of the PTV had to receive the prescription dose. Dose-painting was not permitted. The spinal cord maximum dose allowed was 30 Gy. The stomach maximum dose was originally set at 45 GyE but was reduced to 42 GyE. Other bowel structures, including duodenum, small bowel and large bowel, were restricted to a maximum dose of 45 GyE. No more than 2 cc's of the chest wall, defined as the overlying ribs and intercostal muscles at the level of liver contoured from the costovertebral junction to the sternum or the furthest left extent of the liver, could receive over 60 GyE. The liver-GTV equivalent uniform dose (EUD) could not exceed 20 Gy. If a plan of 45 GyE was not achievable, the patient was taken off study.
Treatment
All treatments were delivered using 240 MeV protons generated from a cyclotron. Proton beam therapy was delivered using 3D passively scattered protons. Most commonly, 2 fields were used ( Figure 1 ). Respiratory gating was performedusing the RPM system (described above), configured for a 30% beam-on duty cycle centered on end-of-exhale (50% phase), corresponding to the physician defined anatomy from the CT planning simulation. Gated orthogonal radiographs (anterior/posterior, right/lateral), manually triggered using the observed RPM respiratory phase signal, were acquired at end-of-exhale and used to confirm the patient treatment position with corresponding endof-exhale DRR's from planning CT. Motion margins describing the range variance of the implanted fiducials, derived from the original 4DCT planning scan, were used to verify the setup position in the presence of respiratory motion. Patients did not receive any breathing coaching.
Follow up
Patients had follow up visits every three months with CT scans every six months for the first three years. For years 4-5, patients had follow up visits every six months, with yearly CT scans. Toxicity was scored using the common toxicity criteria (CTC) version 3.0.
Statistics
Overall survival (OS) as well as the times to local progression and to metastatic disease was calculated starting from the first day of radiation. The OS time of a patient still alive at the time of last follow-up was censored. Progression-free survival (PFS) was measured until a patient had a recurrence documented or died, whichever event was earlier, or otherwise was censored at the date of last follow-up. Survival rates were estimated by the Kaplan-Meier method.
RESULTS
Of the 15 patients accrued from February 2006 -March 2009, 11 patients had HCC, 3 had ICC and 1 had a liver metastasis from pancreatic adenocarcinoma. Ten patients had 1 lesion, 3 patients had two lesions, and 2 patients had 3 lesions. Nine patients had Child's A cirrhosis and six patients had Child's B cirrhosis. Patient characteristics are listed in Table 1 . The median liver size was 1508 cc range (849-2337) cc.
Radiation Dosing
The dose of radiation received by the patients is listed in Table 2 . The median dose was 60 Gy (in 15 fractions) (range (45-75 Gy) Toxicity 4/15 patients developed grade 3 or greater toxicity, with some patients developing more than one grade 3 toxicity (Table 3 ). Hyperpigmentation in the radiation portal was the most frequently observed toxicity. Two patients with Childs B cirrhosis developed grade 3 hyperbilirubinemiawhich resolved with conservative management. 1 patient developed a grade 3 bleed in the colon which resolved without surgery. 1 patient developed a grade 5 stomach perforation. There were no cases of radiation induce liver disease (RILD).
Disease-specific outcomes
There were no in-field local recurrences. 1 patient had a marginal recurrence, 3 had hepatic recurrences elsewhere in the liver, and 2 had extrahepatic recurrence. The patient with a marginal recurrence had tumor in the left lobe of the liver abutting the stomach, with underdosing of the tumor to protect the stomach.
Median survival in all patients was 12 months. With a median follow-up for survivors of 69 months, 1-yr, 2-yr, 3-yr OS is 53%, 40%, and 33% respectively (Figure 2A) . Median PFS among all 15 patients was 11 months. PFS is 40%, 33% and 27% at 1, 2 and 3 years, respectively ( Figure 2B ).
Of the fifteen patients, 4 patients are confirmed alive with over four years of continuous, active follow up.3 patients had HCC, one patient had IHC. All 4 patients had a solitary tumor. 2 patients received 52.5 Gy and 1 patient received 60 Gy and 1 patient received 67.5 Gy. One of the patients with HCC had successful liver transplantation. Another patient with HCC is still alive at 16 months following a marginal recurrence. No patient with multifocal disease is still alive.
DISCUSSION
The role of radiation therapy for liver tumors is currently evolving. Prospective studies have shown that photon based radiation therapy is effective in achieving high degrees of local control in both HCC (3) and liver metastases from other primary sites (2) .
Protons are an appealing modality for liver tumors due to the lack of exit dose. The primary benefit of the lack of exit dose is that the volume of liver irradiated with protons is less than with photons (4). Given the low functional reserve that many patients with primary liver tumors have due to the underlying risk factor of cirrhosis, protons may represent a safer modality in the ablative treatment of liver tumors. However, protons, because of their greater dependence on tissue density, are more prone to dose perturbations related to organ motions. This uncertainty can lead to underdosing tumors or overdosing normal structures, such as the heart or esophagus, distal to the target. This uncertainty is most significant for lesions at the dome of the liver where organ motion is the greatest. Further complicating the treatment of dome lesions with protons is difference in density of lung versus the liver. At the superior aspect of the target volume, where there is more lung in the field, the protons can range distal to the target towards the heart. This effect is more pronounces with protons in comparison to photons. With respiratory gating, the density of the tissue that the beam encounters is more stable and produces a more stable dosimetric distribution (Figure 4) . By restricting the "beam on" time to 40%-50% gating window rather than the 0%-50% ungated window, the dose distribution throughout the treatment remains more consistent. However, the implementation of respiratory gating as a strategy to manage organ motion is a complex problem. In a preclinical study, we observed that a delay of 130 ms was seen between the gating window and the beam on/off time (5) . Because the clinical significance of this was unknown, and also because of the limited experience with treating liver tumors with protons in the western hemisphere, we initiated a pilot study to demonstrate the feasibility of gating liver tumors when delivering high dose proton radiation.
Our clinical results are concordant with the existing literature suggesting that excellent local control is achievable with proton beam therapy. The 15 fraction schedule was selected as the Asian proton hepatoma experience has generally used 10 to 20 fractions (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) , as opposed to the five fraction stereotactic body radiotherapy (SBRT) schedules. While some of the studies state respiratory gating was implemented, the technical specifics by which the gating was implemented was not described in detail (9) (10) (11) (12) . The clinical outcomes in these studies have demonstrated impressive local control, with 5 year local control rates exceeding 80%. However, as in this current series, 5 yr overall survival is generally well below 50%, due to the competing risk of poor underlying medical condition and elsewhere recurrences. However, in this high risk group of unresectable patients, it is compelling that 4/15 patients are confirmed long term survivors beyond 4 years of follow up, including in three patients without transplantation. This suggests that long term survival is possible in appropriately selected unresectable patients.
In this study, the liver was often not the dose limiting structure. Instead, prescription dose was more frequently limited by mucosal structures such as the stomach and colon. Because the protocol did not allow for differential dosing, the dose to the tumor was often de-escalated to 45 Gy to meet the mucosal dose constraint. In spite of this, two of the fifteen patients experienced mucosal injury, one of which was self-limited, and the other resulted in death. The patient who died from stomach perforation had a 45 Gy point dose in the lesser curvature of his stomach, which was consistent with the protocol constraints. He also had complex underlying pathophysiology as he was born with a single ventricle and had developed cirrhosis secondary to viral hepatitis acquired from multiple blood transfusions that were given to him when he was a child. His portal hypertension due to cirrhosis and his clinical right-sided heart failure were felt to contribute to his lack of reserve and inability to recover from the attempt to operatively control his bleeding. After this event, the maximum dose constraint to the stomach was subsequently lowered to 42 Gy. This problem of mucosal tolerance has led us to use manual displacement with alloderm to separate mucosal structures from bowel (15) . Additionally, to address potential range uncertainty and hot spots in mucosal structures, we have since adopted to two-day simulation process to study potential interfractional changes in respiratory amplitude and in the location of the at-risk mucosal structures.
The limitations of this study are its small size and heterogeneous inclusion criteria, making it difficult to draw any conclusions about efficacy in a uniform group of patients. Accordingly we are accruing to separate phase II studies evaluating proton beam therapy in patients with primary liver tumors and liver metastases. The phase II study in primary liver tumors includes patients with hepatic-confined, unresectable HCC and ICC. This multi-institutional study uses doses to 67.5 Gy for peripheral tumors and 58.05 Gy for central tumors defined as within 2 cm of the portahepatis. Unlike this current study, underdosing of the PTV is permitted to as low as 45 Gy. The primary endpoint of this 90 patient study is 2-year local control exceeding 85%. The phase II study of patients with liver metastases uses a 5-fraction individualized dosing strategy, with a primary endpoint of 1 year local control exceeding 80%. The study is planned to accrue 110 patients. This current feasibility studied altered our clinical practice in how we protect mucosal surfaces and provided the foundation for formal evaluation in specific disease cohorts. Proton plan for patient with intrahepatic cholangiocarcinoma. Photon vs. proton treatment plan for a dome lesion. The proton plan (left) shows the 25 Gy at the superior aspect of the field ranging out towards the heart due to the large amount of lung in the field. Ungated vs. gated proton treatment. On the left, the isodose distribution at the 0%, 30%, and 50% respiratory phases are shown. The field is noticeably larger and the dose distribution above the diaphragm varies with phase. In contrast, in the gated image, the isodose distributions do not perceptibly change through the gating window.
